Hearing thresholds for pure sinusoidal tones were determinedin a free field at frequencies from 
, and that has been used as a standard of hearing thresholds and curves of equal loudness for pure tones up to the present.
A previous study by one ofthe authors of the present article included measurement of equal loudness levels at 63 Hz and 31.5Hz (7) .The resulting values were significantly different from the values in ISO/R226. They were 2-12 dB higher than in ISO/R226, and no explanation was found.
At the Budapest meeting in 1985 of ISO/TC 43/WG 1 concerning "threshold of hearing", additional new data different from ISO/R226 were reported, and a revision of the standard was decided. Following that meeting of the same working group was held in Copenhagen in 1987, and the procedures for measurement of hearing thresholds and curves of equal loundess were discussed. A new set of experimental conditions to be fulfilled in future measurements was proposed. The proposal was slightly revised at the working group meeting in Toronto 1988.
After the decision to revise ISO/R226 new results were reported by Suzuki et al. (8) . These were also not coincidental to ISO/R226. There were large discrepancies. The new results were more similar to Fletcher and Munson's results. The possibility exists that the reasons for the discrepancies are the electronic equipment, the psychometric method, the sound field conditions and other experimental conditions. Therefore, additional new data are required to establish permanent standards of equal loudness and minimum audible field.
The purpose of the present work is to give new data on minimum audible field and equal loudness in the low frequency range. The experimental conditions agree with the requirements set up by ISO/TC 43/WG 1.
Sound Field
The experiments were carried out in the anechoic room at the Institute of Electronic Systems. Aalborg University. The size of the room is 4.9 m by 5.6 m by 6.0 m(free space between wedges).
Loudspeakers
In this study subjects were to be exposed to pure tones in the frequency range 25 Hz-I kHz. Also direct comparisons would be made between a 1 kHz reference tone with fixed sound pressure, and a test tone with a variable level and with frequencies between 25 Hz and I kHz. A sound source covering this frequency range was needed.
Very high sound pressure levels were required at low frequencies. When a high sound pressure is generated by electrodynamic loudspeakers, large harmonic distortion will be produced, especially at low frequencies. Harmonic distortion disturbs the accurate measurement of hearing thresholds and equal loudness, since the higher harmonics appear at frequencies where the ear is more sensitive, because of the negative slope ofthe curves versus frequency. Therefore, the harmonic distortion should be kept low.
Determination of the hearing threshold at 25 Hz demands the lowest distortion. Here, second harmonic distortion below -33 dB relative to the fundamental and third order distortion below -44 dB is considered necessary. If the slopes of ISO/R226 are correct, these figures ensure that the harmonics are at least 10dB below threshold. At higher loudness levels and at higher frequencies a higher distortion is acceptable, since the curves become less steep.
Eight electrodynamic loudspeakers were used, mounted four in each of two enclosures. The dimensions of one enclosure were 0,78 m (W) by 0.74 m (H) by 0.42 m (D). The loudspeakers could not be used for threshold determinations below 25 Hz. At this frequency a threshold around 65 dB SPL was expected, and the requirement of a second harmonic distortion 33 dB down was fulfilled up to SPLs of 80 B. Above 40 Hz the loudspeakers were only used at levels where the second harmonic distortion was at least 40 dB down. 
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The sound distribution in front ofthe 8 loudspeakers along a horizontal axis parallel to the loudspeaker front board and 2m away.
Sound distribution from the loudspeakers
As mentioned above, eight loudspeakers were used to produce the sound. When a sound is generated from many sources at the same time, interference will occur, and the sound may not spread uniformly in front of the loudspeakers. Ifan extremely high the curtain. The loudspeaker was at the same position as the large loudspeaker boxes would be during the experiments, and the response was measured at the head position.
The curves with and without the curtain were equal within fractions of a dB at frequencies up to 4 kHz. Considering that the curtain was present also during calibration of the sound level, the curtain introduced no error.
Evaluation of the Sound Field with a Head and Torso Simulator
The correct sound field is very important for the measurement of threshold and loudness. The sound pressure levels in ISO/R226 are not given as levels at the eardrum, but as levels in a free horizonal sound wave, measured before the subject enters the sound field. In the present experiments -as well as in others -a perfect free plane wave is not created. It is therefore essential to prove that the diffraction around the head and body is similar to the diffraction in a free plane wave or at least that the sound arriving at the ear is similar to that which would arrive, if the field were a free plane wave.
The sound field was controlled by means of a Bruel and Kjaer head and torso simulator, type 4128 and ear simulator, type 4159 mounted as the left ear.
3.1 Reference situation: subject in a free plane wave
The head and torso simulator was located two metres in front of a small loudspeaker in the anechoic room. The louspeaker can be seen as a point source and at a distance of2 m the field is nearly plane. With white noise applied to the loudspeaker, and utilizing a Bruel and Kajaer type 2032 two channel FFT analyzer, the transfer functions were measured to 1) the head position without the head and torso simulator, andwith the simulator positioned as subject -2) the entrance to the ear canal and 3) the eardrum of the simulator. The difference between 2) and 1) at the one third octave frequencies is shown in Figure 3 .
The difference of the sound pressure levels between the pinna and the head position were almost zero at frequencies below 300 Hz, but increased as the frequency increased over 300 Hz. This means that the sound pressure level at the pinna was higher than that of the head position due to the sound reflection from the pinna and the head in this frequency range. Difference of the sound level at the pinna and at the head position without subject. Measured with a small loudspeaker as sound source and the head and torso simulator at 2 m distance.
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As the sound field used for the results in Figure 3 is considered as a horizontal free travelling wave, this figure is the reference which should preferably be obtained also with the large loudspeaker boxes used for presenting the stimuli for the subjects. (Of course, the sound field is only approximately a plane wave. To control this approximation, the measurements were also made at larger distances, but the results did not change. At shorter distances the results became different).
Subject in sound field produced by eight loudspeakers
The measurements described above in Section 3.1 were repeated, though this time the small loudspeaker was replaced by the large boxes with 8 loudspeakers. The curtain mentioned above in Section 2.4 was positioned between the loudspeakers and the head and torso simulator. The difference between the "pinna level" and the "head position level" is given in Figure 4 .
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Difference of the sound level at the pinna and at the head position without subject. Same as Figure 3 but measured with the 8 loudspeakers as sound source. Similar data measured with the small loudspeaker were given in Figure 3 .Comparing the data from the eight loudspeaker situation to the situation with the small loudspeaker only minor differences can be seen, They are all far below I dB at frequencies up to I kHz. On this background the sound field produced by the eight loudspeakers is considered sufficiently good for the threshold and loudness measurements.
Influence of the chair
During the experiments, the subjects were going to sit on a chair. As the sound field might be disturbed by the chair, this disturbance was measured using a procedure similar to the above. Two different chairs were used, one was very light and small and the other was rather big. The torso was put on the chair 2m in front of the loudspeakers. The frequency responses were measured as in Section 3.1 and 3.2. For the two chairs, the difference between sound level at pinna and at the head position is shown in Figure 5 .
In this figure the values from the big chair are different from those from the small one, especially at 800 Hz. Not unexpectedly, the big chair disturbs the sound field more than the small one. The values for the small chair are close to the reference values in Figure 3 . Therefore the small chair was selected.
The difference between the sound level at the pinna and at the eardrum was almost the same in all situations. This was expected, since the sound propagation from the pinna to the eardrum should be the same, independent of the origin of the sound and the diffraction around the listener. Figure 6 shows a view of the loudspeakers, the curtain the chair used in the experiment. A view of the loudspeakers and the chair used for the experiments. The curtain displaced to show the loudspeakers.
Experiment 4.1 Equipment
A schematic diagram of the equipment is shown in Figure 7 . Th e computer (Metric 8) was connected to a sine generator (Bruel and Kjaer 1049) by an IEEE-488 interface with the attenator (custom made) by parallel input/output lines (PIO), and with the answering box (custom made) by PIO. The attenuator had an on-off switch and gave the attenuation with 1 dB resolution, 0.2 dB accuracy, from 0 dB to -115 dB. The attenuation level was chosen to produce the required level from the loudspeaker. The curtain was hung between the loudspeakers and the subject. The subject could not see any of the apparatus except for a video camera monitoring the subject, and only one spot-light was used to light up the subject area inside the anechoic room. Therefore the subject could easily concentrate on listening to the sound without any distractions.
The power amplifier, the microphone preamplifier, the frequency analyzer and the attenuator were switched on during the experiment for about three weeks. So the whole system was very stable.
Sound stimuli
Pure sinusoidal tones were used as sound stimuli. In the measurement of hearing thresholds tones with a duration of 1 s were presented alternating with 1 s pauses. The tones were turned on and off gradually within approximately 0.25 s. The frequencies were at every V3 octave band from 25 Hz to 125Hz, and at every octave band from 125 Hz to 1 kHz -eleven points.
In the measurement of equal loudness, pairs of tones were presented; one was a reference tone at 1 kHz and the other was the test tone with variable sound level. The duration of each tone and the interval between them was one second. The order of the tones was chosen randomly. The tones were turned on and off gradually in approximately 0.25 s.
The 1kHz reference tone had levels of20, 40,60 and 80 dB, so equal loudness levels of20, 40,60 and 80phon were determined. Frequencies of the variable tones were 31,5, 40,50,63,80, 100, 125,250 and 500 Hz.
At 31.5 Hz only the 20 phon point was measured because of the high harmonic distortion levels from the loudspeakers at higher levels. For the same reason only 20 and 40 phon points were measured at 40 Hz.
Psychometric method for threshold measurements
The psychometric method used was the method of limits (ML). The first presented sound pressure levels were 10-20dB higher than the hearing threshold ofIS0/R226. At this level most subjects could hear the sound clearly (if a subject did not hear the sound, the experiment was started again with a higher starting level). After the first sound, the level was gradually reduced in steps of 2 dB. When the subject did not hear anything he/she pressed the button on the answering box, and the series ofdescending levels stopped. From this series the average of the last two presented levels was recorded as a turning point.
Then followed a series of ascending levels, beginning 4-5 dB below the last level from the previous descending series. With this starting level, the subjects could not hear the tone at first. The level was gradually increased in 2 dB steps, and when the subject could hear the sound again, the button on the answering box was pressed. Also here the average of the last two levels was recorded as a turning point.
The third series was performed like the first series, though the starting level was now chosen 4-5 dB above the last level in the previous ascending series.
A total of 4 descending and 4 ascending series were carried out and the mean value of the 8 turning points -4 from descending series and 4 from ascending series -was taken as the hearing threshold.
For each subject a test experiment was carried out before the beginning of the actual experiment. The frequency was chosen to be 1 kHz, since this is an easy frequency for the subjects and therefore it is adequate for familiarization with the method. The training points was repeated in the actual experiment.
Psychometric method for loudness measurements
Again the method oflimits (ML) was used. For loudness comparisons, the method differed slightly from the above, so it will be described below.
Pairs of variable and reference tones were presented. The first level of a variable tone was 15-20dB higher than the point of equal loudness given in ISO/R226. Normally the subjects assessed this tone as louder than the reference (if not, a higher level was selected, and the experiment started from the beginning again). The level of the variable tone was then gradually reduced in 2 dB steps, until the subject assessed the variable tone as softer than the reference tone and indicated this by pressing a button. The mean of the last two presentations in this descending series was recorded as a turning point.
Then followed an ascending series, where the level of the variable was turned up gradually in 2 dB steps. The starting point for this series was 4-5 dB below the last presentation in the previous descending series. When the subject assessed the variable louder than the reference he/she indicated that by pushing the button. Again, the average of the last two levels was recorded as the turning point.
Then followed another descending series, now beginning 4-5 dB above the last presentation of the previous ascending series.
Altogether 6 descending and 5 ascending series were carried out. The point of equal loudness was calculated as the mean of the turning points, excluding the first descending series.
The frequency of the variable tone and the level of the reference tone were chosen randomly among those listed in Section 4.2.
For each subject a test experiment was carried out before the beginning of the actual experiment. The frequency and the loudness level for the test experiment were 500 Hz, 40 phon (eleven subjects) or 250 Hz, 40 phon (one subject). These frequencies and levels were chosen, because they were easy for the subjects and therefore adequate for familiarization with the method. The training points were repeated in the actual experiment.
For seven subjects a maximum likelihood estimation method (MML) was also used for some selected points (20 and 40 phon at 63, 125 and 250 Hz). The maximum likelihood estimation method was exactly the same as in the previous experiment reported by one of the authors [7] . The experiments using this method were carried out after the main experiment. Figure 8 shows a view of a subject during the experiment.
Calibration
The system was calibrated at the beginning ofthe experiment. For each frequency the sound pressure level was measured at the head position of a subject without subject and chair. These levels were calibration levels. They were fed into the computer program, and based upon these levels, all attenuator settings during the experiment were dete rm ined. The calibration levels were re-measured every da y at the beginning of the experiment. If differences were found the calibration levels were changed. Only changes in the order of small fractions of a dB occurred. probably because the equipment was turned on all the time for the whole experimental period. 
Subjects
A subject during the experiment.
Twelve persons were used as the subjects. There were five females and seven males. between the age of 18 and 30. The average age was 23.2 years. Monaural hearing thresholds were measured with an audiometer before the experiment. It was ensured that the thresholds of each subject were within ± 10dB at the octave frequencies from 125 Hz to 4 kH z and ±15 dB at 8 kHz.
Results
The minimum audible field is given in Table I . and the points of equal loudness are given in Table 11 . Values in brackets are obtained for seven subjects only using the method of maximum likelihood. All result s are shown graphically in Figure 9 . The hearing threshold at 1 kHz was measured twice; once in the training experiment and once in the main experiment. The average threshold found in the training experiments was 0,0 dB with a standard deviation of3.7 dB. In the main experiment an average of -1.7 dB was found with a standard deviation of 3.6 dB. The values are in very good agreement, and as could be expected a t-test was far from showing significance (t= 1.14). The reproducebi1ity seems to be very good.
Although the simple t-test did not show any significant difference between the two measurements, a look at every subject shows that the values from the second measurement were always lower than or equal to the values from the first one. This may suggest that the subjects gradually got used to the sound or the method and obtained increas-ing sensitivity throughout the experiment.
For equal loudness, test measurements were carried out before the main experiment. For the 10 subjects who had 500 Hz, 40 phon in the test, an average value of 49.8 dB and a standard deviation of 3.5 dB was found. In the main experiment the corresponding values were 50.6dB and 6.0 dB. No specific tendency was seen here. It can be concluded that also the reproduceability of the equal loudness determinations was good. 
Comparison of the two methods
In order to show a possible effect of the psychometric method, another method, the method of maximum likelihood, was used for selected points. The results given in Table II and Figure 9 shows lower values for the method of maximum likelihood. However, not all subjects participated in both methods, so the values given are not based on the same group. To see whether the difference between results of the two methods is statistically significant, an analysis of variance is carried out for the 7 subjects who participated in both methods. The independent variables are 1) frequency, 2) loudness level and 3) method. The results of a simple analysis are shown in Table III The effect of the method is found significant at 1.5% level. However, it may be argued that the observations are not statistically independent, since they are obtained from a particular group of subjects. A more conservative test will therefore be that of a mixed model with subject as a fourth independent variable of the random type. The result of this analysis is shown in Table III , column b). Here the effect of the method is not significant.
For both methods, main effects of loudness level and of frequency are highly significant. This will not surprise anyone. Also interaction is shown between loudness level and frequency. This illustrates the non-linearity of the equal loudness curves.
Comparison with our previous results
In the previous study by one of the authors [7] ,equal loudness levels were obtained by the same maximum likelihood estimation method. Twopoints are included in the present investigation as well as in the previous study. The results at 20 phon, 63 Hz are 58.0 dB (previous) and 60.2 dB (present), and at 40 phon, 63 Hz results are 71.7 dB (previous) and 75.9 dB (present). These differences are small and not statistically significant in at-test (t= 1.6 for the 4.2 dB difference). Thus, a good agreement was found between results in this and the previous study.
Comparison with ISO/R226
Our threshold curves and our equal loudness contours are shown together with curves from ISO/R226 (Figure 10 ) and Fletcher and Munson ( Figure II) .
Results of present study compared to ISO/R226 (dotted lines). The hearing thresholds in free field found in the present experiment are almost along the minimum audible field ofISO/R226 although the values ofthe present study are about 3 dB higher at frequencies below 125 Hz and 5.9 dB lower at I kHz.
With 12 subjects and a typical standard deviation of 6 dB, a 3 dB deviation from a fixed value (like the ISO/R226 values) results in a t-test value of 1.73 -just about significant at the 5% level. The deviation at I kHz is significant at the 0.1% level (t=5.5).
Equal loudness contours from the present study are much higher than those of ISO/R226 at all frequencies. They are closer to Fletcher and Munson's results. Most of the discrepancies from ISO/R226 are more than 10 dB and some of them are more than 20 dB. Most of the differences are statistically significant.
One of the authors already reported equal loudness levels that were higher than those ofISO/R226. The results of the present study show the same tendency as the previous study. It seems that discrepancies clearly exist between the equal loudness levels of ISO/R226 and accurate equal loudness levels.
The authors have not been able to explain why different studies of equal loudness can show such very different results. In this study every care has been taken to document all the experimental conditions. It is shown that the psychometric method may affect the results, but the influence in this study was only around 3 dB. The hearing thresholds were determined in free field at frequencies from 25 Hz to 1 kHz. At frequencies at or below 125Hz the curve was parallel to the curve oflSO/R226. The values were slightly but significantly higher (about 3 dB). At 1 kHz the threshold was found 5.9 dB lower than indicated in in ISO/R226. This difference was also statistically significant. New data for equal loudness contours in free field were determined at frequencies from 31.5Hz to I kHz, at loudness levels from 20 phon to 80 phon every 20 phon step. Compared with the data of ISO/R226, the levels were much higher at all loudness levels. The differences were statistically significant. Though every possible care was taken in the control of sound field, procedure etc., the results of the equal loudness measurements turned out to be higher. Similar results have previously been reported by one of the present authors and by several others.
